Background: Studying the dispersal range of Anopheles sinensis is of major importance for understanding the transition from malaria control to elimination. However, no data are available regarding the dispersal range of An. sinensis in China. The aim of the present study was to study the dispersal range of An. sinensis and provide the scientific basis for the development of effective control measures for malaria elimination in China.
Introduction
The global malaria elimination campaign is an ambitious goal [1] [2] [3] [4] [5] [6] [7] [8] [9] . Every step in the chain of transmission of malaria would be need to be a target for successful implementation of global elimination of malaria [4, 5, 10, 11] . In recent years, it is recognized that local outbreaks of malaria might result from incorrect control measures stemming from inadequate understanding of the ecological characteristics of the dominant vectors [12] , environmental changes, such as global climate changes [13] [14] [15] [16] [17] [18] [19] [20] , or from drug and insecticides resistance [21] . Therefore, management of ecological habitats of the predominant malaria vectors in a region are of great significance for malaria control, via optimal allocation of resources [22, 23] . Today, malaria is not as serious as two decades ago in China [3, 24] . However, outbreaks occur when malaria cases are introduced to an area where malaria vectors are established and other local conditions favor transmission. At present, China has entered the critical period in the process of eliminating malaria according to WHO standards for global malaria eradication campaign. As the principal vector of Plasmodium vivax malaria [25] , the species of Anopheles sinensis (Wiedemann, 1828) is distributed in most provinces in China. The dispersal range of An. sinensis in real rural villages can provide key reference data for epidemiological surveys of malaria cases. In addition, it can also provide the basis for the determination of the vector control range and for prevention of the emergence and spread of secondary cases. Therefore, the study of dispersal ranges of An. sinensis is an important factor to detect potential source of infection, cut off the route of transmission, and further ensure the successfully implementation of malaria elimination in China by 2020 [26] .
The dispersal of mosquito vectors, to find mates, resting sites, oviposition sites, blood meals, and nectar sources, plays a major role in the transmission of malaria [27] . Mark-release-recapture (MRR) technique can be applied for estimating survival, cohort specific dispersal, gonotrophic cycle, and population density of mosquitoes. These population attributes are important for mosquito-borne disease control programs plan. Dispersal and survival are of considerable importance in studying the ecology of Anopheles mosquitoes [28] . Currently, MRR technique has been widely used in Anopheles species [29] [30] [31] [32] [33] [34] . However, deficiencies in understanding of dispersal ranges of An. sinensis would impede development of effective management programmes to local outbreaks of malaria due to imported cases. In addition to dispersal, survival rates of adult An. sinensis plays a key role in malaria transmission and in the calculation of vectorial capacity [35, 36] . Survival of adults depends on many factors including larval and adult nutrition, temperature, predation, and genotype.
The planning of management programs for vector control in epidemic focus of malaria in China requires accurate information of dispersal range and survival of An. sinensis. However, limited data are available on the dispersal range and survival of An. sinensis in the real villages in China. Therefore, two field studies were conducted to examine the dispersal range and survival rate of An. sinensis in Yongcheng City of Henan Province where P. vivax malaria is unstable transmission. The objective was to provide a scientific basis for designing control strategies and tactics for malaria elimination in China.
Methods

Study area
The present study was conducted in two villages of Yongcheng City characterized by different levels of historical incidence of P. vivax malaria. These included a high risk village study site I (N 33u45.0239, E 116u13.1519, southern part of Yongcheng City with an average annual incidence rate .100/100,000), and an intermediate risk village study site II (N 33u52.4929, E 116u28.4589, middle part of Yongcheng City with an average annual incidence rate 10,100/100,000) [37] . The distance between the two study sites is approximately 60 km. Besides the difference in the level of the historical incidence of P. vivax malaria, other differences between the two studied villages are as follows: First, study site I is adjacent to Guoyang County; study site II is neighbouring to Suixi County. Guoyang and Suixi County are unstable regions of P. vivax malaria in Anhui Province. Second, water-body distributions and appropriate breeding sites on An. sinensis larvae in study site II are more numerous than those in study site I. Third, the population of animal hosts in study site II was larger than that of study site I during the study period.
Most of the area is a plain at 33 meters altitude above sea level. The range of annual rainfall is between 556.2 mm and 1,648.9 mm, and most rainfall is peak in period of JuneSeptember [37] . The primary cultivated crops in the area include wheat, soybean and corn. The climate is warm temperate from May to October, and the average annual temperature is 14.3uC. The human dwellings in these two villages are made of bricks. The average family size was two person per house, together with their chickens, dogs and few other livestock. During summer, most of local residents tend to sleep outdoors [38] . With active cooperation of the villagers, the present mark-release-recapture studies were conducted with wild collected An. sinensis in study site I in 2010 and with newly emerged An. sinensis in study site II in 2011.
Effect of marking with fluorescent powder on the survivorship of An. sinensis
Prior to the field study, the effect of marking An. sinensis with fluorescent pigment on the mortality rate was studied in the laboratory of the Chinese Center for Disease Control and Prevention (China CDC). A group of three-day-old An. sinensis (30 males and 30 females) was used and aspirated into a waxed, 200 mm diameter custom made cylinder with gauze tops, gauze bottoms and metal bracket. The powder for dusting was Day-Glo fluorescent pigment (Day-Glo Color Corp., Cleveland, Ohio, USA). A 5 ml syringe with a 22 gauge needle was used as a powder atomization device. Adults were manually aspirated and counted into the cylinder, and then the entrance of the cylinder was closed. The syringe which filled with fluorescent pigment was pushed very quickly to produce atomizing. After 30 minutes, all the 60 An. sinensis of the experimental group were marked with green fluorescent pigment. Thereafter, all marked An. sinensis were sprayed with distilled water 3 times a day with a small sprayer in order to simulate the effect of rainfall on the fluorescent pigment of the body surface of An. sinensis. We also set a control group of three-day-old An. sinensis (30 males and 30 females) without marking with fluorescent pigment. All mosquitoes were provided with 10% sucrose daily and held at 28uC and a relative humidity of 70,80%. The number of live mosquitoes was counted daily for 14 days and marked An. sinensis in the experimental group were observed under a dissecting microscope in order to observe the existence of fluorescent powder on the body surface of An. sinensis.
Adult capture and larval rearing
In study site I, wild adult An. sinensis were collected from a bovid shed and a sheepfold in Lizhai township of Yongcheng City with aspirators during the period of activity peak of An. sinensis in a day. All An. sinensis were collected within three days, placed into mosquito cages (45 cm 645 cm 645 cm) and then transported to a laboratory in Yongcheng CDC. In study site II, it was difficult to collect adult An. sinensis because of a severe drought. Therefore, larvae and pupae of An. sinensis were collected from the breeding sites. Three-day old newly emerged An. sinensis was transferred to a large custom made cylinder mentioned above, and ready to mark [39] . Both published literatures and local CDC staff observations showed that An. sinensis was the sole vector of P. vivax malaria in Yongcheng City [24, 37, 38, 40] . Prior to marking and releasing, some wild captured and newly emerged An. sinensis were also sampled and identified to species level by ribosomal DNA PCR assay [41] to insure that only An. sinensis was released.
Marking and releasing
The first mark-release-recapture experiment took place from 14 to 23 October 2010, from a release point located at the edge of the study site I. The second mark-release-recapture experiment took place from 13 to 22 October 2011, with a release point located at a road crossing of the center of study site II [37] . The release time was at 19:00 in 2010 and 2011. The female-to-male ratios of marked An. sinensis in these two years were about 1:1. Before the marked An. sinensis were released, the geographical coordinates of sheep sheds, cattle sheds, pig pens, chicken sheds and potential breeding sites were recorded using hand-held GPS. One hundred and fifty male and female adult An. sinensis were marked at a time with green fluorescent pigment. One day later, all marked An. sinensis were transported to the release point. The entrance of the cage was opened slowly to allow the marked An. sinensis to fly out freely. The mosquitoes that seemed exhausted and did not fly out were counted, and their numbers were subtracted from the total marked An. sinensis.
Recapturing and identification
To recapture the marked An. sinensis individuals, six light traps we set up in four directions (east, south, west, and north) and a light trap we set up at the release point at both study sites during the two years. In study site I, the light traps were set within courtyards in each direction with the distance 50, 100, 200, 300, 400, 500 meters, respectively. In total, twenty-five light traps were operated. In study site II, additional four light traps were added to sheepfolds which located at 50 m from the release site, one in each direction. Total twenty-nine light traps were operated in study site II. The light traps were set mainly in sheep folds within these distances so as to improve the recapture rate of marked An. sinensis. However, they were set in the courtyard if no sheep folds existed in these ranges.
The light trap at the release point was set up from 21:00 to 06:00 in the first day. From the second day, these light traps were set up from 18:00 to 06:00 for 9 successive nights after release in both study sites (I & II). Marked An. sinensis were recaptured in the same day after releasing. Some key meteorological parameters (temperature, relative humidity, precipitation, wind velocity and direction) were recorded during the study period. Temperature (uC) and relative humidity (%) were recorded from a weather website in China (http://www.weather.com.cn). Ambient outdoor air temperature and relative humidity of each collection hour was recorded using a WS-1 thermo-hygrometer device (Tianbayiqi Corp., Tianjin, China). All captured mosquitoes were killed by ether and morphologically identified into mosquito species. Then all the Anopheles mosquitoes were selected and examined for the presence or absence of fluorescent pigment under dissecting microscope.
Ethics statement
The experimental protocols were approved by the Ethical Committee of National Institute for Communicable Disease Control and Prevention, Chinese Center for Disease Control and Prevention [42] . Although the release of An. sinensis temporally increased local mosquito populations in the two study villages, the experiment posed very low risk of public health because the malaria is about to be eliminated and no Plasmodium vivax was detected in An. sinensis of Yongcheng City in recent years. In addition, all released wild and newly emerged An. sinensis were from the local habitat. Verbal consent was obtained from all the heads of household to permit mosquito collection from their houses and livestock sheds prior to the procedure. The Ethical Committee of National Institute for Communicable Disease Control and Prevention, China CDC reviewed and approved the consent procedure. Permission was also obtained from the Municipal Health Bureau and Center for Disease Control and Prevention in Yongcheng City.
Statistical methods
Recapture rates were calculated as the number of marked An. sinensis recaptured over the total number of originally released. The mortality rate between marked An. sinensis and untreated An. sinensis in the laboratory, and wild An. sinensis and newly emerged An. sinensis were compared by Chi-square analysis. Daily survival rates were estimated by fitting a linear regression model of logarithm number of recaptures against calendar day after releasing, assuming that the daily probability of survival was constant throughout the year. The calculation was done by regressing the number of recaptured An. sinensis transformed into ln (y+1) as a function of time in days post-release. Then, the daily survival rate was calculated as the antilogarithm of the regression coefficient [30, 43, 44] . Statistical analysis was carried out using SPSS software (Version 11.5 for Microsoft Windows, SPSS Inc., Chicago, USA).
Results
The effect of fluorescent pigment on the survivorship of An. sinensis in the laboratory
The research shows that there was no difference in mortality rates between marked and unmarked An. sinensis in the laboratory (x 2 = 3.12, P.0.05). During the 14 day observation and assay period, fluorescent pigment on the body surface of marked An. sinensis was detected under a dissecting microscope in females and males in all replicates. Based on the findings mentioned above, fluorescent pigments may have little effect on the survivorship of An. sinensis if its sprayed correctly and could be used to conduct MRR experiment [32, 45] .
Species identification
During the study period, prior to mark and release, 50 wild captured and 50 newly emerged anopheline mosquitoes were identified to species by ribosomal DNA PCR assay [46] , and the results revealed that all anopheline mosquitoes examined belonged to An. sinensis.
Release and recapture rate
In study site I, 3000 wild An. sinensis (1500 male, 1500 female ) were released, 25 of which were recaptured, corresponding to a recapture rate of 0.83% (95% CI, 0.50%,1.16%). In study site II, 3000 newly emerged An. sinensis (1500 male, 1500 female ) were released, 40 of which were recaptured, corresponding to a recapture rate of 1.33% (95% CI, 0.92%,1.74%) ( Table 1) . There was no significant difference in the recapture rates of wild An. sinensis and newly emerged An. sinensis (x 2 = 3.499, P.0.05) though more marked An. sinensis were recaptured in study site II.
In study site I, all the recaptured marked An. sinensis were females and 6 out of 25 recaptured An. sinensis were engorged. In study site II, 37 out of 40 recaptured An. sinensis were females, and 9 out of 37 recaptured marked An. sinensis were engorged. The female-to-male ratio of recaptured marked An. sinensis in study site II was 37: 3.
Dispersal ranges and directions
In study site I, one marked An. sinensis was recaptured at the release point, and 5, 14, 1, 2 and 2 marked An. sinensis were recaptured at 50, 100, 200, 300 and 400 m from the release point, respectively. Eighty percent of marked An. sinensis were recaptured within a radius of 100 m from the release point. The maximum distance traveled was 400 m, where 2 An. sinensis were recaptured. In study site II, 9 marked An. sinensis were recaptured at the release point, 19, 8, 3, and 1 marked An. sinensis were recaptured at 50, 100, 200 and 300 m from the release point, respectively. Ninety percent of marked An. sinensis were recaptured within a radius of 100 m from the release point. The dispersal ranges of marked An. sinensis per day after release are shown in Table 1 .
In study site I, 13 marked An. sinensis were recaptured to the east of the release point, 9 marked An. sinensis were recaptured to the south, and 2 marked An. sinensis to the north. In study site II, 14 marked An. sinensis were recaptured to the south of the release point, 16 marked An. sinensis to the west and 1 marked An. sinensis to the north. There was a significant difference in the recapture rates of release marked An. sinensis in different directions (x 2 = 30.016, P,0.01). The majority of An. sinensis were recaptured east in study site I while this was true for the west in study site II. The number of recaptured An. sinensis in distinct directions of two villages is shown in Table 2 .
Survival rate
The log-transformed number of recaptured An. sinensis decreased significantly as a linear function of time in days post- Table 1 . Dispersal range of recaptured marked An. sinensis according to the day after release in 2010 and in 2011. The Dispersal Range of Anopheles sinensis PLOS ONE | www.plosone.orgrelease (Fig. 1) . In study site I, the regression equation was ln (y+1) = 20. 
The meteorological factor
There was no significant difference in climatic conditions between two study sites during the study period. The range of the temperature varied from 11.5,27.0uC in study site I and 9.0,26.0uC in study site II. No rainfall was recorded of the study period during either year. The wind velocity was low and the main wind direction in study site I was west wind while not regular in study site II during the study period. Other relevant meteorological parameters are shown in Table 3 .
Discussion
The present study showed a recapture rate of marked An. sinensis of 0.83% and 1.33% in study site I and II, respectively. These recapture rates are affected by the experimental design, the source and species of mosquitoes, the resting and oviposition sites, the availability of host blood meals, the age structure of mosquitoes [47] , configuration of dispersal area [48] , local geography and topography, mosquito collection methods [49, 50] . Reisen et al reported a female recapture rate of female An. culicifacies was 8.0%, with a 5.9% rate for males, captured mainly in houses and cattle houses [51] . Jaal et al reported that only 3 out of 8 species of Anopheline mosquitoes were recaptured with the recapture rates of 3.42% for An. lesteri paraliae, 1.19% for An. subpictus, and 0.97% for An. vagus [45] . Kligler reported that An. sacharovi flew over 13 km from their larval habitat, and An. freeborni flies 42 km from the release site to find a place for passing the winter [52] .
It is reported that light traps can be used as an alternative to human biting catches of An. sinensis in the study area and is a promising tool for sampling malaria vector populations [42] . Therefore, light traps were used to recapture the marked An. sinensis in this study. These light traps were operated within the courtyards to avoid a sample bias which may affect the dispersal of An. sinensis. Using this method, the effective attraction radius for the light traps was shortened because walls blocked the passage of light. In the first day, light trap at the release point was opened at 21:00 to ensure that marked mosquitoes had an opportunity to leave the release area.
Both females and males were captures in the light traps. For the marked An. sinensis, more females than males were recaptured in general. This phenomenon could be due to the light traps becoming more efficient at capturing females when they seeking blood meals.
The present study was similar to a MRR experiment with An. sinensis in the northern part of Gyeonggi-do, Korea [48] . However, the recapture rate in the present study was slightly lower than that of Gyeonggi-do' study (1.52%). The differences in recapture rate could be explained by the difference in mosquito collection methods. Light traps of their studies were set mainly in cattle sheds. In contrast, only a small proportion of light traps were set in cattle sheds because of the relatively small number of livestock in the study villages. However, recapture rates in MRR experiments involving anopheline or culicine mosquitoes are often less than 1% [45] .
Relying on newly emerged female anopheline mosquitoes could improve recapture rates and provide more data for MRR studies [39, 53] . In this study, wild captured An. sinensis were released in study site I while newly emerged An. sinensis were released in study site II. The reason why two sources of An. sinensis were employed is that newly emerged mosquitoes may improve the recapture rate compared to wild captured adults [54] . The relatively lower recapture rate in study site I (0.83%) may be partly attributed to the differences in the sources of released mosquitoes [53] .
In this study, both male and female An. sinensis were released. In study site I, all the recaptured marked An. sinensis were females while 37 out of 40 recaptured marked An. sinensis were females in study site II. The reason why male An. sinensis were released was to add additional information to the recapture rate of each sex to the MRR experiment.
In this study, the longest range for setting light traps was 500 m, and this range is shorter than similar studies in Korea [48] . Based on our observations in the field, the distance between release point and edge of most of the villages was less than 400 meters in Yongcheng City. In addition, we studied the dispersal range in real rural villages rather than that in open uninhabited areas.
Therefore, from the point of view of vector control targeted malaria elimination, epidemiological survey of detected and undetected cases when malaria occurred, the prevention of emergence and spread of secondary cases, 500 m as the maximum radius in the village could be considered an adequate range.
Previous research showed that the dispersal range of mosquitoes can mainly be influenced by local environmental characteristics rather than mosquito species. In this study, 80% and 90% of the marked An. sinensis were recaptured within a radius of 100 m from the release point in study site I and study site II, respectively. The furthest recapture ranges were 400 m and 300 m in study site I and study site II, respectively. The dispersal ranges in the present study were shorter than that of a study in Gyeonggi-do, Korea [48] . In their study, 37.1% marked An. sinensis were recaptured in light traps set at 1 km from the release point [48] . In Yongcheng City, the distance between release point and edge of most of the villages was less than 400 m. Farms were the principal habitat beyond 400 m and a few crops grow in the farm during the study period. It is possible that the diversity of obstacles posed by the irregular and dense structures in these two villages, associated with high availability of blood meals hosts and breeding sites within a radius of 400 m, constrained the dispersal of An. sinensis, where no mosquitoes flew beyond 400 m from the release point. Therefore, when a confirmed malaria case is reported during the critical period of P. vivax malaria elimination, emergency vector control activities should target An. sinensis larvae and adults within a 400 m radius of confirmed case, and 100 m is the key radius of the vector control activities.
Regarding the dispersal directions of marked An. sinensis in the present study, most of marked An. sinensis were recaptured in the east (13) and south (9) in study site I. In contrast, most of marked An. sinensis were recaptured in the west (16) and south (14) in study site II. Based on the field observations, there were more livestock sheds distributed in the east of study site I while more livestock sheds in the west of study site II. In addition, the main wind direction in study site I was west wind while not regular in study site II. However, structures, geography, wind velocity were similar between two villages during the study period. The daily survival rate could be influenced by temperature, food availability, host destruction, predation by natural enemies (dragonfly, bat, bufonid, Gekko japonicus, spider, etc.), and other environment factors. Loss of marked mosquitoes was probably mainly due to migration out of the trapping area, loss of marking and death. All these would inflate the estimate of daily mortality of An. sinensis. Based on our laboratory experiment, fluorescent pigments may have little effect on the survivorship of An. sinensis if sprayed correctly during the 14 day observation and assay period. Fluorescent pigment on the body surface of marked An. sinensis can be detected under dissecting microscope in all replicates. In the field, we also observed recaptured An. sinensis could be 100% identifiability in the laboratory during the study period. In the present study, the estimated daily survival rates of An. sinensis were relatively low, thought this phenomenon was in line with other reported studies [24] . The relatively limited dispersal range of marked An. sinensis could be explained to some extent by the relatively low daily survival rates. Though the daily survival rates during the study period were not high, it is possible that a malaria outbreak would take place if source infection is introduced, ineffective vector control and high population susceptibility. Therefore, it poses a challenge to the implementation of malaria elimination in China by 2020.
Other potentially important aspects of MRR experiment were time of release, sampling intensity and weather conditions [50] . The release time of the present two MRR studies was at 19:00. The reason why this time was selected as release time was that the density of An. sinensis begin to rise during these times in a day [37] . Weather conditions, especially heavy rains, have played an important role in the lower recapture rate of An. saperoi by restricting the movements of most of the released mosquitoes [30] . Fortunately, a favorable factor was that no rain happened during the study period in study site I and study site II. However, an unfavorable factor was that the temperature was relatively lower during the study period in these two years. This might exert reverse effect on the recapture rate and flight activity of marked An. sinensis.
This paper describes the first mark-release-recapture experiment using both wild and newly emerged An. sinensis to determine the recapture rate, dispersal range and survival rate of fluorescent pigment marked An. sinensis in two rural villages of Yongcheng City, a representative region of unstable P. vivax malaria transmission in the central part of China. The findings of our research could provide the scientific basis for the development of effective control measures for malaria elimination in China.
Care needs to be taken in interpreting the results of this study. First of all, there is no replication in this study. It was difficult to obtain An. sinensis because of the number of released An. sinensis adults and larvae were affected by severe drought in the two years. Therefore, the release sites, life history stages and trapping grids varied between years. These variations make direct comparisons of the results from 2010 and 2011 difficult. Secondly, constructions and physical barriers in the villages, such as houses and other buildings, may influence the dispersal of marked An. sinensis. Thirdly, the number of released An. sinensis in these MRR experiments was relatively small, and this may cause some impact on the recapture rates of marked An. sinensis. Fourth, the relationship between the recapture rate of marked An. sinensis and the meteorological conditions should be further analyzed by spatial analysis and GIS software could be used in similar studies in future. Finally, the weight of fluorescent pigment on the body of mosquito individuals was not considered in this study.
